Abstract: Pea aphid (Acyrthosiphon pisum) clones have been shown to be adapted to particular host plant species but it is unknown whether there are host races. A 1101 base pair region of the mitochondrial cytochrome oxidase I gene (COI) was sequenced for 21 pea aphid clones that had been collected from different host plants in Canada and the U.S.A. Only five closely related mitochondrial haplotypes were found. A maximum likelihood phylogeny was estimated for these five haplotypes and four related aphid species: Acyrthosiphon macrosiphum, A. kondoi, Fimbriaphis fimbriata, and Macrosiphum creelii. Pea aphids from the same host plant species were no more likely to have the same mitochondrial haplotype than aphids from different host plant species. In addition, aphids from the same geographical regions were no more likely to have the same mitochondrial haplotype than aphids from different geographic regions. I therefore reject the hypothesis that there are monophyletic host races of the pea aphid.
Herbivorous insects spend their lives in close association with host-plants which act as agents of natural selection. This makes insect-host plant systems ideal for studying when similar ecological opportunities lead to parallel evolution. A case in point is the pea aphid, Acyrthosiphon pisum (Harris 1776), which invaded North America during the last century (Johnson 1899) and is now found on a number of native and introduced plants in the Leguminosae. The pea aphid is a polyphagous herbivore and certain North American populations are genetically adapted to particular host species. Pea aphid clones collected from alfalfa fields had a significantly higher fecundity, a greater longevity, and a higher rate of population increase when they were cultured for several generations on alfalfa than when they were cultured on red clover. Similarly, aphid clones from red clover fields performed better on red clover than on alfalfa (Via 1991) . There is also evidence that pea aphids are adapted to particular geographic regions. Pea aphid clones from the wet British Columbia coast were more likely to drop off a plant in response to alarm pheromone than those from the dry British Columbia interior (Roitberg and Myers 1978) . Finally, there is also evidence that different North American populations differ in their propensity to migrate (Lamb and MacKay 1979) .
Synonymous substitutions at the third codon position of protein coding mitochondrial DNA (mtDNA) sequences continue to have several advantages for the phylogenetic analysis of insect populations. The substitution rate of the third codon position of animal mitochondrial genes is an order of magnitude higher than that of nuclear genes (Li 1997) and will therefore give more substitutions per base pair sequenced. In addition, the mitochondrial genome is haploid, non-recombining, and usually maternally inherited, which means the effective population size is 1/4 that of the nuclear genome (Li 1997) . The lower effective population size means that phylogenies estimated using the third codon position of protein coding mitochondrial genes rather than the same region of nuclear genes are more likely to resolve the true tree (Moore 1995). Another advantage of using mitochondrial genes is that a mutation that creates a new haplotype is sufficiently rare so that two individuals that share the same haplotype are likely to have shared a common ancestor (Li 1997) .
In this paper I use DNA sequences from a 1101 bp fragment of the mitochondrial cytochrome oxidase I gene (COI) to estimate a maximum likelihood phylogeny of five pea aphid haplotypes collected from North America as well as four related aphid species: Acyrthosiphon macrosiphum (Wilson, 1912 ), A. kondoi Shinji, 1924 , Fimbriaphis fimbriata Richards, 1959 , and Macrosiphum creelii Davis, 1914 (Table 1) . I also estimated a neighbor-joining tree for 21 pea aphids to test whether their mitochondrial haplotype assorted independently from the host plant and from the geographic area where they were collected.
Sample collection
Aphids (Hemiptera: Aphidoidea: Aphididae: Aphidinae: Macrosiphini) were collected from a variety of different plant species from different areas of North America identified to species by their collectors (Table 1) . To increase the probability that only one clone was sampled, 1-20 apterae were collected from one sweep of the collection net over an individual plant or small cluster of plants well back from the borders of the host plant patch. All aphids were kept frozen at −70°C until they were used.
mtDNA analysis
Total DNA was extracted from the heads of 1-10 aphids that had been collected from the same individual host plant. Only heads were used to reduce the probability of contamination from hymenopteran or dipteran endoparasites and from polysaccharides from plant sap in the gut. DNA extraction was done by placing the frozen aphids on dry ice and then using dissecting scissors to cut heads off between the first and second pair of walking legs. Six to 10 heads were placed into 1.5 mL microcentrifuge Eppendorf tubes, which contained 100 µL of Reagent A from the Isoquick™ nucleic acid extraction kit (Microprobe, Bothell, Wash.), then ground by hand with a blue plastic pestle. Once the solution in the tube was homogeneous, 100 µL of Reagent 1 was added and the rest of the extraction was completed as suggested by the manufacturer's instructions for extracting total nucleic acid (DNA and RNA). The DNA pellet was re-dissolved in 10 µL of distilled water.
One microlitre of this DNA solution was used as a template in a 50 µL PCR reaction which had a final concentration of 1× (Gibco™) PCR buffer, 0.2 mM of each of dATP, dGTP, dCTP, and dTTP, 1.5 mM MgCl 2 and 2.5 units of (Gibco™) Taq DNA polymerase. Each 50 µL PCR reaction contained 1 µL of a 20 µM solution of each of the sense and antisense primers. Two separate PCR reactions were done for each template using each of two sets of universal insect primers for fragments of the Cytochrome c Oxidase Subunit I gene, which is encoded in the mitochondrial genome (Simon et al. 1994) . The first used the primers C1-J-1859 and C1-N-2329 and produced a fragment of 470 bp, and the second used the primers C1-J-2183 and TL2-N-3014 and produced a fragment of 831 bp (Simon et al. 1994) . Thirty-three cycles of PCR amplification were carried out using standard conditions (Innis et al. 1990 ) with an annealing temperature of 44°C and an extension time of 1 min.
To separate the target DNA fragment from the primers and non-target DNA, the amplified mtDNA fragments were subject to electrophoresis on an agarose gel containing 0.5 µg/mL of ethidium bromide. The gel was then placed on a long-wave ultraviolet transilluminator and the DNA fragment of interest was excised. The DNA was purified from the agarose using a Sephaglass kit (Pharmacia). Between 25 and 40 ng of double-stranded purified DNA and 2 pmol of one of the original PCR primers was used in the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit with AmpliTaq DNA Polymerase, FS (Perkin Elmer, Foster City, Cal.). Manufacturer's instructions were followed except that the annealing temperature for the cycle sequencing was set at 45°C. The reactions were run on the University of Guelph's ABI PRISM 377 DNA Sequencer. No multiple peaks suggesting heterogeneous base composition within a sample of aphids were ever observed. All templates were sequenced in both directions and the DNA sequences were aligned and edited manually. A final check for sequencing errors was done by translating the DNA sequences to amino acid sequences and rechecking the chromatogram files of nonsynonymous substitutions.
Some aphids are known to have pseudogenes in their nuclear genome that have been transposed from the mitochondrial genome and will often amplify with polymerase chain reaction (PCR) primers designed for their ancestral mitochondrial genes (Sunnucks and Hales 1996) . We believe that the aphid DNA sequences reported in this paper were mitochondrial in origin. Their base composition in the third codon position was highly biased towards adenine and thymine and there were very few nonsynonymous substitutions.
Phylogenetic analysis
All phylogenetic analysis was based on 1101 basepairs of the COI fragment. The program DNASP22 (Rozas and Rozas 1997) was used to calculate the haplotype and nucleotide diversity for the "population" of all pea aphids sequenced, including those with identical sequences.
Phylogenetic analysis was done using the version 3.57c of the PHYLIP statistical software package (Felsenstein 1985) . To estimate the variance in tree topology, I bootstrapped the data 100 times then constructed a consensus maximum likelihood tree using the programs SEQBOOT, DNAML, and CONSENSE with their default options. I designated Fimbriaphis fimbriata as the outgroup but also included Acyrthosiphon macrosiphum, A. kondoi, Macrosiphum creelii, and an unidentified species of Macrosiphum in the analysis.
The program MEGA (version 1, Kumar et al. 1993 ) was used to construct a neighbor-joining tree (Saitou and Nei 1987) for the five mitochondrial haplotypes found in Acyrthosiphon pisum which allowed the most efficient use of the few variable sites. The pairwise genetic distances estimated using Kimura's (1980) two parameter model.
Acyrthosiphon pisum showed considerable sequence divergence from the five other aphid species comprising about 5.8% for Acyrthosiphon kondoi, 7.5% for A. macrosiphum, 6.7% for Fimbriaphis fimbriata, 6.7% for Macrosiphum creelii, and 5.9% from Macrosiphum sp. In the overall dataset there were 166 variable sites (Fig. 1) . As would be expected for the most highly conserved protein-coding mitochondrial gene, 160 of the substitutions observed were synonymous and all but one occurred in first or third codon positions. The substitutions between any two aphid species were almost entirely transitions between T and C or transversions between A and T with the relative ratio of transitions to transversions ranging from 1.2 to 4.0. The nucleotide composition of the third codon position of these taxa was highly biased towards adenine and thymine being only 7.4% C and 0.1% G compared to 21.8% C and 12.8% G for the second codon position. In contrast, there was little within-species variation within Acyrthosiphon pisum (Fig. 1 ). There were only three variable sites in the 21 individuals that were sequenced, which defined five different haplotypes. All three sites were phylogenetically informative and all resulted in synonymous substitutions. Two were transitions in a first codon position and a third codon position, respectively, and one was a transversion in a third codon position. The maximum within-species divergence between any two haplotypes was 0.4%. The estimated nucleotide diversity for the entire population of A. pisum sequences was 0.0011.
A maximum likelihood tree of all the aphid species with Fimbriaphis fimbriata as the outgroup shows that the genetic distance among the five pea aphid haplotypes is very small, about 1/100 between the pea aphid haplotypes and the Clary and Wolstenholme 1985) . The variable sites within A. pisum are indicated with an asterix and the position of the PCR primers is indicated by the arrows. All sequences are available from Genbank, accession numbers are AF077768-AF077769, AF077777, AF077770-AF077776 respectively. outgroup species (Fig. 2) . One specimen, Ms_Tp_BuBC, that was collected by mistake as a pea aphid turned out to be closely related to Macrosiphum creelii (sequence divergence 1.3%) and is referred to here as Macrosiphum sp. Interestingly, Acyrthosiphon macrosiphum and A. kondoi did not consistently appear in the same clade as A. pisum suggesting re-examination of the systematics of the genus Acyrthosiphon is needed (Fig. 2) .
A neighbor-joining tree of only the Acyrthosiphon pisum specimens shows that the two pea aphid haplotypes that differ by two transitions are the most frequent (Fig. 3) . All three of the observed substitutions can be interpreted as shared derived characters with the ancestral state as predicted by the outgroups (Fig. 1) . Most of the characters are consistent with each other but the transversion seems to have occurred twice independently (Fig. 3) . For the purposes of the contingency table analysis, haplotypes a and b were labeled as clade I, haplotypes d and e were labeled as clade II, while haplotype c was omitted from that analysis (Fig. 3) .
The contingency table analysis showed no significant associations of the two common mitochondrial clades with geography (Fisher's exact test, P = 1) or host plant species (Fisher's exact test, P = 0.36) and no trends that might become significant with a large sample size. There was no evidence for monophyletic races of aphids with different body colors. Pea aphid specimens with a pink body color only had haplotype a but the sample size (N = 4) was too small to preclude other haplotypes with an increased sample size.
I found no association between the host plant that the pea aphids were collected from and their mitochondrial haplotype. I also found no evidence that morphologically distinct pea aphid-like taxa collected from other host plants such as Cytisus, Lathyrus, or Caragana were anything but Acyrthosiphon pisum. Therefore my data suggest that the well-documented adaptations of pea aphid clones to particular host plants in North America (e.g., Lamb and MacKay 1979; Via 1981 ) cannot be explained by the existence of two or more host plant races. In contrast, different biotypes of greenbugs have been shown to have specific patterns of the intergenic spacer of the ribosomal DNA cistron (Black 1993) .
In addition, I found that pea aphids collected from the same geographic region of North America were no more likely to belong to the same mitochondrial clade than aphids collected from different regions. This is interesting because the maximum distance migrated per generation by a pea aphid clone is limited (Via 1991) . Instead human-mediated "jump" dispersal, likely through accidental transport while shipping aphid-infested crops, is the best explanation for the widespread distribution of these aphids.
An alternative to my interpretation of the data is that host races do exist but do not reflect the mitochondrial haplotype sorting. However, if the alfalfa host race and the red clover race have been separated for 4N e generations, where N e is the effective population size, the mitochondrial haplotypes are very likely to show reciprocal monophyletism (Neigel and Avise 1986) . So if the mitochondrial haplotypes do not sort by host race it is unlikely that the two races have been separated for long.
Another possibility is that the same mitochondrial clade could have evolved more than once. But this is unlikely because the two clades of haplotypes used in my continguency table analysis differ by two sites. The mutation rate per synonymous site of mitochondrial genes is low (10 -8 per site per year) and the probability of substitution of a neutral mutation in a population is equal to the mutation rate (Li 1997) . Thus, it is unlikely that the same two mutations that distinguish the two clades would have occurred more than once. Indeed Avise (1997) discusses major phylogeographic groupings of populations whose mitochondrial haplotypes can be distinguished by only four restriction sites differences.
Previous studies have noted the low levels of genetic diversity in pea aphids. Indeed 32 pea aphid clones from a single alfalfa field near Lansing, New York showed polymorphism at only two out of 126 restriction sites (Barrette et al. 1994) . The low level of haplotype diversity is unlikely to be solely a by-product of a bottleneck that occurred during the introduction of the pea aphid to North America. Indeed two allozyme studies of European pea aphid populations (Simon et al. 1982; Dalmasso and Bournoville 1983) found few polymorphic loci and few alleles per polymorphic locus. Further, almost every allozyme study done on an aphid species so far has shown very low levels of polymorphism (Tomiuk and Wohrmann 1980; Rhomberg et al. 1985) , perhaps because of their cyclic parthenogenic life history. The hypothesis that life history might affect the level of genetic variation present is supported by an allozyme study on the aphid Rhopalosiphum padi, which showed lower levels of genetic diversity in areas with mild winters where summer populations are derived from obligately parthenogenic clones than in areas with severe winters where they are derived from cyclically parthenogenic clones (Simon et al. 1996) . ) for the five mitochondrial haplotypes found for Acyrthosiphon pisum and four other species of aphids using genetic distances based on Kimura's two parameter model. Numbers above forks are number of bootstrapped replicates out of 100 that the group of taxa above that fork occurred together. Key to figure labels: Xx_Xx_XxXX = two letter code for aphid species _ two letter code for host plant species _ four letter code for collection site: city or sample and state or province (see Table 1 ). Genome Vol. 41, 1998 Fig. 3 . Neighbor joining tree for only the Acyrthosiphon pisum samples using genetic distances based on Kimura's two parameter model. Samples joined by a straight vertical line have the same mitochondrial haplotype. The lines on the branches of the tree represent transitions and the circles represent transversions. The five mitochondrial haplotypes found in A. pisum are numbered a to e. Haplotypes a and b belong to clade I, while haplotypes d and e belong to clade II. Scale bar refers to genetic distances. Key to figure labels: Xx_Xx_XxXX = two letter code for aphid species _ two letter code for host plant species _ four letter code for collection site: city or sample and state or province (see Table 1 ).
